Abstract: A supramolecular platform based on self-assembled monolayers (SAMs) has been implemented in a microfluidic device. The system has been applied for the sensing of two different analyte types: biologically relevant phosphate anions and aromatic carboxylic acids, which are important for anthrax detection. A Eu(III)-EDTA complex was bound to β-cyclodextrin monolayers via orthogonal supramolecular host-guest interactions. The self-assembly of the Eu(III)-EDTA conjugate and naphthalene β-diketone as an antenna resulted in the formation of a highly luminescent lanthanide complex on the microchannel surface. Detection of different phosphate anions and aromatic carboxylic acids was demonstrated by monitoring the decrease in red emission following displacement of the antenna by the analyte. Among these analytes, adenosine triphosphate (ATP) and
pyrophosphate, as well as dipicolinic acid (DPA) which is a biomarker for anthrax, showed a strong response. Parallel fabrication of five sensing SAMs in a single multichannel chip was performed, as a first demonstration of phosphate and carboxylic acid screening in a multiplexed format that allows a general detection platform for both analyte systems in a single test run with µM and nM detection sensitivity for ATP and DPA, respectively.
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Introduction
It is of utmost importance to detect low concentrations of small molecules and solutes in mixtures of complex milieu for toxicology [1] [2] [3] , drug discovery [4] [5] [6] , diagnostics [7] [8] [9] , and antibioterrorism [10, 11] . Among many chemical, electrochemical, biological, and photoluminescence based small molecule detection, fluorescence turn-on/off sensing has attracted significant attention, offering high sensitivity [12] [13] [14] [15] and reversibility [16, 17] . Lanthanide (Ln 3+ ) based luminescent detection for small molecules such as nerve agents [1] , antagonists [4] , phosphate anions [18, 19] , and the anthrax biomarker DPA [20] [21] [22] has been most promising among the many turn-on/off sensing methods owing to the unique photophysical properties of Ln 3+ -antenna chelates with their bright luminescence upon sensitization by an antenna, long luminescence lifetimes compared to free Ln 3+ , and sharp line-like emission bands at long wavelengths [23] [24] [25] , overcoming autofluorescence and light scattering, and resulting in a high color purity of the emitted light [26] .
Surface-confined sensing using self-assembled monolayers (SAMs) offers advantages compared to sensing in solution such as ease and reproducibility of SAMs [27, 28] , fast response times owing to the faster analyte-receptor interaction, and real-time and real-space measurements [29, 30] . Previous studies have shown that SAMs can function as optical sensors when functionalized with fluorescent groups on flat surfaces [31] [32] [33] and in microfluidic systems [34, 35] .
Phosphate anions play an important role in various physiological events and they take part in almost all metabolic processes. Among various phosphates, pyrophosphate and adenosine triphosphate (ATP) are crucial anions for the transfer of genetic information, and metabolic and bioenergetic reactions [36] . Fluorescence based detection of biologically relevant phosphate anions still remains a challenge due to the difficulty of designing binding motifs for anions [37] and achieving an effective fluorescent signal change upon anion binding [15, 38] . Recently, a Ln 3+ -based displacement assay was employed for phosphate anions on gold nanoparticles in solution [19] and on a gold surface [18] . However, to the best of our knowledge, the combination of Ln 3+ luminescence based detection of phosphate anions and surface-based sensing on macro and micro scale glass and in particular in a glass/silicon microfluidic channel has not been achieved to date. Concurrently, some aromatic carboxylic acids have crucial importance in bioterrorism, especially in anthrax detection [39] . Anthrax is an acute disease and a potential biological warfare agent caused by Bacillus Anthracis. The detection of Bacillus spores with rapid response, high selectivity, and sensitivity is very important in order to minimize the impact of a bioterroristic attack or outbreak of disease [40] [41] [42] . Bacillus spores contain up to 1 M dipicolinic acid (DPA), corresponding to 5-15% of the dry mass of the bacterial spore [43] [44] [45] , offering a convenient biomarker for anthrax detection. Ln 3+ -based luminescent detection of DPA has been very promising by using DPA as an antenna itself [20, 21, 46] or as Ln 3+ -DPA chelates [22] , allowing fast, highly selective and sensitive detection of bacterial spores. Recently, ratiometric detection of DPA was employed by fabricating microarrays via patterning of a monolayer surface [22] . However, the integration of surface-based DPA sensing with microfluidics has not been performed yet.
In the current study we present a novel multiplexed platform for a general detection method of biologically relevant phosphate anions and the Bacillus Anthracis biomarker DPA on a supramolecular monolayer surface by using a microfluidic approach. The microfluidic approach has attracted significant attention in the last decades for chemical and biological assays because of faster detection time, low consumption of analyte and reagents, and the possibility of integrated continuous monitoring of analyte solutions [35, [47] [48] [49] [50] . Here, β-cyclodextrin monolayers known as molecular printboards [51] were employed on a glass-silicon microchip surface and building blocks were attached to the monolayers in a noncovalent fashion that allow phosphate anion and DPA sensing. To the best of our knowledge, this microchip-based sensing platform constitutes the first lanthanide-based surface receptor system that provides a general detection platform for two different analyte systems, as well as the first example of integration of sensing of phosphate anions and DPA in a microfluidic device.
Results and Discussion

Fabrication of the Sensing Platform and Anion Detection
Surface-assisted sensitized luminescence of Eu 3+ on a molecular printboard was demonstrated in a previous study for the sensing of biological molecules such as the Bacillus Anthracis biomarker DPA [22] . In the current study, luminescent SAMs on a microchip surface were fabricated to develop a general detection platform of small molecules such as the biologically relevant phosphate anions and aromatic carboxylic acids in a multiplexed format. The sensing platform was developed in a microfluidic device by using the controlled attachment of the building blocks in a supramolecular manner, through multivalent orthogonal linkers. Such a supramolecular surface platform was chosen for this study, since supramolecular interactions combined with multivalency offer high flexibility such as controlled positioning of molecules, fine-tuning of assemblies and their interaction properties, binding strength, binding stoichiometry, binding dynamics, and reversibility [51] . β-Cyclodextrin (βCD)-based host-guest chemistry at the microchip interface was applied to orient the attachment of building blocks of interest to the microchip surface. Microchannels are miniaturized platforms that can be individually accessible and addressable, allowing production of sensing arrays for multianalyte systems within a single device. Thereby, the supramolecular sensing system was implemented on the surface of a multichannel chip as a demonstration of a high-throughput sensing device. A multichannel chip with five parallel channels was used for generation of the sensing array via the formation of βCD SAMs and subsequent attachment of building blocks of interest on each channel surface ( Figure 1a ). Parallel synthesis of five sensing SAMs in the multichannel chip was performed by the formation of βCD SAMs on the channel surface as described above, leading to an array of five βCD SAMs confined to a single chip, and providing a functional layer for further surface modification in the multichannel. Two building blocks were used to fabricate the sensor surface in the microchip: an ethylenediamine tetraacetic acid (EDTA)-based ligand (1) for binding Eu 3+ and the receptor surface, and a naphthalene-based antenna (2) for coordination to Eu 3+ via the diketonate moiety (Scheme 1).
Building block 1 has adamantyl groups for immobilization onto the βCD SAMs. To fabricate sensing surfaces on the microchip surface, a stepwise procedure was followed. Briefly, in the first step, 1 mM of 1.Eu 3+ was attached on the βCD monolayer after 30 min incubation in the microchip. After cleaning the microchip surface with water for 10 min, 100 µM of 2 was incorporated onto βCD SAMs via coordination of 2 with 1.Eu 3+ as seen in Scheme 1. After a second cleaning step of the microchip surface with water for 10 min, the multichannel surface was imaged by fluorescence microscope using filter R (300 nm < λ exc < 400 nm, λ em = 615 nm). Five luminescent SAM-modified microchannels were visualized simultaneously ( Figure 1b ) by fluorescence microscopy, which showed energy transfer from the Eu-coordinated napthalene moiety of 2 to the Eu 3+ center of 1.Eu 3+ , and the emission of red light at 615 nm as studied before [22, 45] . Thereby, a highly luminescent surface platform was achieved in the multichannel device for the detection of phosphates and aromatic carboxylic acids. The mechanism of anion detection is based on the displacement of 2 from 2-1.Eu 3+ by a guest anion as shown in Scheme 1. Displacement assays have been studied before and the mechanism of displacement is well established [17, 52, 53] and the same mechanism is assumed in this study. Briefly, the sensing layer on the microchip surface is an ensemble of 1.Eu 3+ and the antenna 2, and when an anionic guest is added to the ensemble, it displaces 2, and triggers a fluorescence change upon binding to the 1.Eu 3+ , leading to a decrease in red fluorescence at 615 nm. Thus, the detection of phosphates and aromatic carboxylic acids is based on the recognition of the guest anion by the Eu 3+ -based receptor and the displacement of 2. Thus, the resulting decrease in the fluorescence intensity was monitored and quantified by fluorescence microscopy.
Sensing of Biologically Relevant Phosphates
The luminescent multichannel platform was used for the detection of biologically relevant phosphate anions. Five different phosphates (1 mM each), ATP, adenosine monophosphate (AMP), adenosine diphosphate (ADP), hydrogen phosphate (Pi) and pyrophosphate (PPi) were injected continuously from each inlet (at 1 μL/min by a peristaltic pump) and their sensing was evaluated within 1 h. Among those five phosphate anions, only ATP and PPi caused a strong response at the 2-1.Eu 3+ complex (Figure 2a,b) . The sensing of these five anions along with nicotinamide adenine dinucleotide phosphate (NADP) and triphosphate (PPPi) was also studied as a function of time, and around 40% and 35% decrease in fluorescence intensity was observed for both ATP and PPPi, while 22% and 15% quenching of red emission was observed for PPi, and NADP, respectively, in 10 min (ATP > PPPi > PPi > NADP at t = 10 min) as seen in Figure 3 . Around 60% decrease in fluorescence intensity was obtained for ATP after 1 h, whereas PPPi and PPi showed around 45% decrease in red emission, and the effect of NADP on displacement of the antenna was around 20% after 1 h (ATP > PPPi ≈ PPi > NADP at t = 60 min). The response half-time of ATP was determined based on the exponential decay curve in Figure 3 , and was found to be about 10 min. The different sensing properties of the anions on the microchannel surface are presumably due to the different binding affinity of the anions to Eu 3+ , which is correlated with number of phosphate oxygens that coordinate to Eu 3+ after the displacement of the antenna [54] . As seen in Figure 3 , Pi, AMP and ADP showed no response (similar to only buffer, data not shown). In contrast, PPPi displaced 2 almost as effective as ATP indicating the importance of the number of phosphate oxygens on the strong coordination with Eu 3+ [55, 56] To determine the detection limit of ATP sensing on the microchip platform, ATP detection was performed as a function of concentration. Five different concentrations ranging from 1 mM down to 50 μM ATP were injected continuously from each inlet by a peristaltic pump and their sensing was evaluated within 1 h. Figure 4a shows the normalized intensity (I/I 0 ) profile of five different concentrations at t = 60 min. Similar responses were observed with ATP concentrations from 1 mM down to 250 μM (around 50%-60%), and around 35% decrease in red emission was obtained for 50 μM ATP (Figure 4b ). Thus, ATP sensing by the Eu 3+ based complex was achieved in the μM range.
This is consistent with earlier reported data, which showed ATP detection in the μM [36, 57, 58] or mM concentration range [59] . The experiments described above were all performed in the absence of 2 in solution, therefore, displacement of 2 led to removal of 2 from the system and thus to kinetically determined fluorescence readings. Subsequently, ATP sensing was performed in the presence of different concentrations of 2 in order to investigate ATP detection while attempting to reach thermodynamic equilibrium of the displacement reaction of 2 from 2-1.Eu 3+ by ATP. Mixtures of 1 mM ATP with five different concentrations of 2, ranging from 0.1 μM to 50 μM, were injected continuously from each inlet and their sensing of 2-1.Eu 3+ was evaluated within 1 h. Figure 4b shows the decrease in red fluorescence was similar for all conditions. No clear trend was obtained for different concentrations of 2, nor in response time. These results show that the binding strength of ATP to Eu 3+ is much higher than that of the antenna 2.
Screening of an Anthrax Biomarker and Potentially Interfering Anions
The same supramolecular lanthanide-based microfluidic platform was also used for the detection of the anthrax biomarker DPA, among other potentially competitive aromatic ligands as a demonstration of a surface-based sensing device that offers a general high-throughput detection platform both for phosphates and aromatic carboxylates. In order to investigate aromatic carboxylic acid detection, five different aromatic carboxylic acids (1 mM each), o/m/p-phthalic acids, picolinic acid and DPA, were injected from each inlet continuously and their sensing was evaluated within 1 h. Among those five aromatic ligands (Figure 5a ), only DPA was sensed by 2-1.Eu 3+ and selectively displaced the antenna, thus quenched around 80% of the red luminescence in 10 min whereas the effect of the other aromatic acids on the displacement of 2 was negligible (up to 25% quenching of red emission with terephthalic acid) ( Figure 5b ,c and Figure 6 ). Excellent selectivity was achieved with DPA over other potentially interfering aromatic acids after 1 h (Figure 5d, Figure 6 ), while other interferants showed weak response on the sensor surface (up to 35% quenching of red emission with picolinic and isophthalic acid). The response half-time of DPA was determined based on the exponential decay curve in Figure 6 , and DPA showed a response half-time of around 5 min. The high selectivity of DPA sensing on 2-1.Eu 3+ is attributed to a higher binding affinity of DPA to Eu 3+ [60, 61] due to its stronger coordination to Eu 3+ via two carboxylic acid groups and the basic nitrogen atom on its aromatic ring, whereas the other aromatic ligands coordinate to Eu 3+ via fewer groups. In addition, the carboxylic acid screening in solution was also performed and only DPA selectively displaced 2 after 10 min (data not shown) owing to the much stronger coordination of DPA with 1.Eu 3+ than that of 2, showing consistent results with those obtained on receptor surface. Thus, these results show that all aromatic carboxylic acids show different sensing properties to 2-1.Eu 3+ complex, and especially DPA exhibited excellent selectivity and a quick response time (within 10 min). Thus, this multichannel sensing platform offers a common detection system for both aromatic carboxylic acids and phosphates.
To determine the detection limit of DPA sensing on the microchip platform, DPA detection was performed as a function of concentration. Initially, five different concentrations ranging from 1 mM down to 500 nM DPA were injected continuously from each inlet by a peristaltic pump and their sensing was evaluated within 1 h. Lower concentrations down to 40 nM were also used to determine the detection limit of DPA. The intensity ratio (I/I 0 ) values of the sensor substrates were plotted as a function of the DPA concentration (0-1 µM) at t = 60 min in Figure 7 . Lower concentrations of DPA resulted in less quenching of the red emission showing that DPA sensing is concentration dependent. 1 μM DPA quenched red emission as effective as 1 mM DPA (around 70%-80%), and nM concentrations of DPA still showed significant response on the sensor surface (Figure 7) . Thus, DPA was sensed by the Eu 3+ based complex with <100 nM detection limit. Such a detection sensitivity range is consistent with literature [22] . In a recent study, ratiometric detection of DPA was employed by us at molecular printboards using a lanthanide-based surface-receptor system [22] . A different naphthalene based antenna with a carboxylic acid side chain was used for the sensing platform, and carboxylic acid sensing was performed on glass substrates via microcontact printing method. DPA showed high selectivity over other potentially competitive aromatic ligands in water with nanomolar sensitivity, and the sensing response was complete within 10 min on glass substrate, showing consistent and similar results to those reported here. However, that surface receptor system was only used for DPA sensing, and phosphates did not show any response to the sensing molecular printboards. When different antenna 2 was used for this study to develop the sensing monolayer on the microchannel surface, we have achieved to sense both carboxylic acids and also phosphates on the same surface-based sensing platform. In addition, evaporation of naphthalene on a glass substrate resulted in precipitation of the antenna on the surface leading to nonuniform sensing platform, and complicated the visualization during the analysis. Integration of microfluidics with such a sensing surface eliminates evaporation problems owing to the enclosed microchannels, and continuous naphthalene perfusion during the surface modification. Uniform sensing surface with high red fluorescence was obtained on the microchannels, resulting in continuous monitoring of sensing surface after anion injection. Moreover, the core of the bacterial spores contains up to 1 M DPA [43] [44] [45] , which is ~7 orders of magnitude higher than our detection limit (~200 nM). A practical real-world application might involve releasing DPA from the aerosolized bacterial spores into bulk solution by microwaving or autoclaving the sample [11, 62] , and detecting the released DPA in aqueous solution by using the displacement assay on the microchip surface in continuous, label-free and real-time mode. The decrease in the luminescence intensity can be correlated to DPA concentration, and subsequently to bacterial spore concentration. Thereby, our study demonstrates the development of a microfluidic device for the first time based on displacement strategy by using a different antenna 2, which allows the detection of bacterial spores along with other type of anions such as biologically relevant phosphates at a multiplexed format.
Experimental Section
Compounds
Unless otherwise noted, solvents and reagents were reagent grade and used without further purification. β-Cyclodextrin (βCD) heptamine, the Eu(III)-EDTA complex 1.Eu 3+ and the antenna naphthalene β-diketone 2 were synthesized as described before [63] [64] [65] .
Microchip Fabrication Procedure
The silicon-glass microchip was fabricated by following standard microfabrication processes [66] . Microchannels were defined in a (100) silicon wafer (resistivity 5-10 Ω cm, diameter 100 mm) via standard UV-lithography using a mask of photoresist (Olin 907-17 photoresist) followed by deep reactive ion etching (BOSCH-type process). Inlet and outlet holes were fabricated by powderblasting [67] . The silicon wafer was bonded to Borofloat glass via anodic bonding (T = 400 °C, U max = 1200 V, t = 10 min) and the silicon glass wafer was diced into separate chips (chips size: 15 mm × 20 mm). Channel dimensions were 50 μm × 50 μm (width × depth). The length of a single channel of interest was 6 mm and separation between the channels was 50 μm.
Surface Modification of the Microchips
The microchannel surface was functionalized with βCD SAMs by following a three-step reaction, as described by Ludden et al. [68] . Prior to surface modification, intense piranha cleaning was performed inside the microchip via vacuum and then followed by water cleaning. After drying the chip in a stream of N 2 , approximately 500 μL freshly distilled toluene was flushed through the chip. Thereafter, a 5 mM solution of N- [3-(trimethoxysilyl) propyl]ethylenediamine (TPEDA) in toluene was injected through the microchip by the syringe pump with a 0.1 μL/min flow rate for 4 h at room temperature. Distilled toluene was flushed through the chip for 30 min at a flow rate of 0.1 μL/min and then followed by flushing at 10 μL/min for 5 min to get rid of any possible aggregates from the channels. After this step, 10 mM 1,4-phenylene-diisothiocyanate (DITC) in toluene was flushed inside the microchip and incubated for 4 h at 60 °C followed by a rinse with toluene and then with ethanol. After drying the chip, the chip was washed with Millipore water for 5 min, and 10 mM βCD heptamine in Millipore water was injected and incubated in the chip for 2 h at 60 °C, followed by a rinse of the chip with Millipore water for 5 min.
Assembly of the Sensing Layer on the Microchip Surface
The Eu(III)-EDTA complex was assembled onto the βCD monolayers by incubation of 1 mM 1.Eu 3+ in water in the microchip for 30 min. This results in immobilization of the Eu(III)-EDTA complex onto the βCD monolayers via orthogonal supramolecular host-guest interactions. Thereafter, 100 µM of the antenna naphthalene β-diketone in water was injected and incubated for 30 min in the microchip. The self-assembly of the Eu(III)-EDTA conjugate and naphthalene β-diketone resulted in the formation of a highly red luminescent lanthanide system on the microchannel surface via the energy transfer from the antenna to the surface-anchored Eu(III).
Microfluidic Fluorescent Sensing Experiments
Different analytes (phosphates such as ATP, ADP, AMP, pyrophosphate, hydrogen phosphate and carboxylic acids such as o/m/p-phthalic acids, picolinic acid and dipicolinic acid) in 50 mM HEPES buffer with 50 mM NaCl (pH 7.4) were injected from five inlets with a 1 µL/min flow rate at room temperature at a multiplexed format for turn-off sensing experiments. For these sensing experiments, all phosphates and carboxylic acids were used at 1 mM concentration. For detection sensitivity experiments, an ATP concentration down to 50 µM and a DPA concentration down to 40 nM was used. The decrease in red emission for each channel in the microchip upon sensing was quantified using a fluorescence microscope using filter R (λ em = 615 nm), and a narrow band excitation filter (300 nm < λ exc < 400 nm) was used to eliminate direct excitation of analytes such as DPA (λ exc = 270 nm). The data shown in Figures 3 and 6 were reproduced 5 times on the same chips, and found to be reproducible to within 10%.
Conclusions
In conclusion, we have developed a supramolecular sensing platform on a microchip surface that allows the detection of biologically relevant phosphate anions and aromatic carboxylic acids at a multiplexed format. ATP and pyrophosphate among various phosphate anions, and the anthrax biomarker DPA among various aromatic carboxylic acids, showed a strong response to the sensitized Eu 3+ luminescence-based microchip surface, exhibited by strong quenching of red emission for the anions and DPA in a few to tens of minutes. ATP was sensed by 2-1.Eu 3+ and showed µM detection sensitivity. Higher detection sensitivity (~100 nM) was achieved for DPA. Therefore, as a first demonstration of phosphate and carboxylic acid sensing on the same lanthanide-based surface-receptor platform in a microfluidic chip at a multiplexed format, this study offers a general detection platform for phosphates and carboxylic acids in a single test run with high detection sensitivity and selectivity. From this point of view, this supramolecular surface assisted sensing system in multichannel opens new avenues to yield new classes of surface-based detection devices for biologically relevant ions and bacterial spores. Real-time imaging and continuous monitoring of analyte solutions with the power of microfluidics in combination with creating functional systems with the power of supramolecular chemistry offers new designs of miniaturized sensing systems for different kinds of small molecules, which might have biological and diagnostic importance. Overall, this system exemplifies the significance of microfluidics and noncovalent strategies to create microscale sensing devices by fine-tuning different small building blocks, which provide different functionalities when assembled onto such a sensor surface.
